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Abstract
Nonpoint source (NPS) pollution models have shown promise in evaluating effects of conservation
practices (CP) before these practices can be implemented in the field. An increasing trend has
been noted in use of NPS pollution models for assessing effectiveness of CPs. The increase in use
of NPS pollution models necessitates their continuous development and improvement. Model
improvements will help assess water quality impacts of CPs more accurately. Apart from assessing
effectiveness of different CPs, models can also help in identifying suitable location for targeting
CPs in a watershed. However, there are challenges associated with modeling CPs such as
selecting the best type of CP, best location of CP placement, reliable calibration of the model,
validation of modeling results with observed field data, and proper documentation of the modeling
process. This paper discusses hydrologic/water quality models used to simulate various CPs in a
watershed along with the associated challenges and potential future directions for NPS modeling.
Keywords: Nonpoint source pollution, watershed management, conservation practices,
hydrologic/water quality models
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1. Nonpoint source pollution
NPS pollution can be referred as the pollution of water primarily from
diffused sources including rainfall (or snowmelt) moving on or under the land and is considered
as the major contributor to water quality deterioration (Ritter and Shirmohammadi, 2000; Tian et
al., 2012). Among the numerous sources of NPS pollution, agriculture is contemplated as the
predominant source of NPS pollution in United States (Table 1) (EPA, 2009). Intensive
agricultural practices like heavy use of commercial fertilizers and pesticides, tillage operations,
cropping sequences, and other field management practices have been identified to influence
substantial amount of nutrient release from agricultural fields (Monaghan et al., 2005; Smith et al.,
1999). Research study have shown that about 64% of streams and rivers, and 57% of lakes are
affected by NPS pollution resulting from agriculture alone in the United States (Erwin, 1988). A
NPS modeling study conducted by Alexander et al. (2008) reported that agriculture sources of
Mississippi-Atchafalaya River basin

contribute more than 70% of

total nitrogen (N) and

phosphorus (P) to the northern Gulf of Mexico leading to hypoxia and algal blooms. Similarly,
99% of surface water bodies in the United States are affected due to sediment loading from
agricultural lands (Ritter and Shirmohammadi, 2000). Thus, NPS pollution from agricultural
sources are one of the major challenges in maintaining water quality. The major NPS pollutants of
interest are sediment and nutrients (such as phosphorus and nitrogen), and pesticides. A list of
major sources of NPS pollution in waterbodies in the United States is presented in Table 1.
Table 1. Major sources of pollution in different waterbodies (EPA, 2002)
River and Streams
Lakes, Ponds, and Reservoirs Estuaries
Agriculture: 48%
Agriculture: 41%
Municipal point source: 37%
Hydrologic Modification:
Hydrologic Modification:
Urban runoff/storm sewers:
20%
18%
13%
Habitat Modification: 14%
Urban runoff/storm sewers:
Industrial discharge: 26%
18%
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Urban runoff/storm sewers:
13%

General non-point source
pollution: 14%

Atmospheric deposition: 24%

2. Conservation practices (CPs)
Reducing NPS pollutants directly from streams and rivers is expensive, time consuming, and
technically unfeasible. Therefore, NPS pollutants should be reduced by controlling transport of
pollutants from the source into the streams and rivers. Generation and delivery of pollutants from
agricultural sources can be minimized by implementation of proper CPs (EPA, 2003). Pollutant
delivery into the streams can be controlled by utilizing source management practices such as
nutrient management plan for application of fertilizers and pesticides, transport management
practices such as drainage water management and conservation tillage which accounts movement
of pollutants from source to streams or rivers, and off-site remediation CPs such as sedimentation
(Ale et al., 2012; Dinnes et al., 2002; Skaggs et al., 2012; Singh and Leh, 2018; Singh et al. 2018).
Although CPs can be used for reducing NPS pollution, there has been concerns regarding their
effectiveness in reducing NPS loads (Qiu, 2013). CPs have different efficiencies to reduce
sediment and nutrient runoffs. The effectiveness index varies with the type of conservation
practice, watershed characteristics, land use, or climatic conditions (Chaubey et al., 2010; Singh,
et al. 2017). Therefore, location specific conservation practice should be selected or accurate
targeting of a conservation practice should be done to achieve its maximum benefit and appropriate
allocation of funds. To facilitate accurate simulation of BMPs in a watershed, it is important that
identification of targeted lands is done correctly. Targeting marginal lands to implement perennial
cover crop practices such as growing second generation bioenergy crops have been reported to
improve water quality and decrease NPS in watersheds thus making them a suitable candidate for
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implementing perennial cover practice such as growing second generation biofuel crops (Campbell
et al., 2008; Singh and Saraswat, 2016; Kort et al., 1998).
3. Estimating pollutant losses
The effectiveness of CPs in estimating sediment and nutrient loads can be obtained from
literature, monitored, and/or modeled (EPA, 2008). The effectiveness index for a specific land use
can be obtained from literature, however the effectiveness index might not represent the watershed
characteristics such as slope, elevation, etc. and does not account for temporal or spatial variations
in environmental conditions such as precipitation and soils. Monitoring CPs requires substantial
financial resources and is time consuming. Moreover, monitoring alternative scenarios for
different types of CPs at different locations is impractical and might take several decades to assess
their environmental impacts. As a result, impacts of various CPs on the environment are commonly
quantified using watershed-scale water quality models (Arabi et al., 2006a). Modeling of CPs are
increasingly used to estimate effectiveness of CPs in reducing sediment and nutrient runoff (Santhi
et al., 2006). Advances in computer processing power further motivates researchers to use NPS
simulation models for assessing effectiveness of CPs on target areas. Therefore, engineers,
researchers, and other professionals feel the need to review, develop, and improve models for
simulating CPs and solve water quality problems (Borah and Bera, 2004; Daniel et al., 2011; Xie
et al., 2015).
4. Simulation models
George Box has stated that “All models are wrong; some models are useful.” Models are just
simplification and representation of the physical world; hence they may ignore specific
characteristics of reality and could be wrong. Some models are a little wrong like the one in space
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sciences and some models are a lot wrong like the one in social sciences. However, simplification
of reality can be useful. It helps us to understand and predict system behavior.
Models represent environmental system using mathematical equations or relationships. Model
simulating NPS impacts on environment can be termed as NPS pollution models. NPS are hard to
identify in real world, however models help us to understand the probable cause of the NPS
pollution. NPS models can simulate long term water quality impacts due to changes in climate,
land use, and management practices. Long-term impacts of land use decisions on the environment
are of interest to stakeholders and can be accomplished with the science-based scenario forecasting
approach (Baker et al., 2004). Various science-based and what-if scenarios can be carried out with
the help of NPS models at different spatial (regional, watershed, or field) and temporal (annual,
monthly, or daily) scales which can help in understanding and analyzing effectiveness of CPs
before actually implementing in the fields (Engel et al., 2010; Singh and Kumar, 2017).
5. Model selection criteria
Several NPS models has been developed to understand complex hydrological, meteorological,
geological, and ecological processes associated with NPS pollution and its eradication (Borah and
Bera, 2004; Xie et al., 2015) . The intended purpose, prediction accuracy, and analyzing ability of
each model differs from each other and therefore, before selecting a model, the problems to be
addressed using the model should be examined. In general, models can be used to answer questions
listed in Table 2 (EPA, 2008).
Table 2. General questions that need to be answered with modeling studies
S. No. Questions that need to be answered with models
1
Will the management actions result in meeting water quality standards?
2
Which sources are the main contributors to the pollutant load targeted for reduction?
3
What are the loads associated with the individual sources?
4
Which combination of management actions will most effectively meet the identified
loading targets?
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5
6
7

When does the impairment occur?
Will the loading or impairment get worse under future land use conditions?
How can future growth be managed to minimize adverse impacts?

Once the question that needs to be answered is identified, an appropriate model can be
selected. The next step is to specify the level of details for modeling: generalized, mid-level, or
detailed. This is followed by processing input data based on requirements of the model, model
setup and testing its performance. The model performance is tested by calibration and validation
of the simulated data with actual monitored data available mostly at the USGS gauges or observed
field data.
6. Simulation models for assessing effectiveness of conservation practices
Xie et al. (2015) identified seventeen commonly used models for assessment of effectiveness
of agricultural CPs (Table 3). However, they selected six models considering most representative
models for detailed review. Borah and Bera (2003) have also conducted a review for providing
information relating to the mathematical basis of eleven hydrologic and NPS models (Figure 1).
Most of the models listed in Figure 1 are the same as identified by Xie et al. (2015). Subsequently,
Borah and Bera (2004) conducted a review for the applications of three out of eleven models listed
in Borah and Bera (2003): SWAT, HSPF, and DWSM (Figure 1). Borah and Bera (2004) reviewed
various applied watershed studies for the above three models and reported the summary in the
form of model calibration, model validation, best management practice or other use, and
comments.
Table 3. Models used for assessing effectiveness of agricultural conservation practices.
S.
No.
1
2

Models for simulating conservation practices

Citation

Soil and Water Assessment Tool (SWAT)
Agricultural Nonpoint Source (AGNPS)

Arnold et al. (1998)
Young et al. (1989)
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3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Annualized Agricultural Nonpoint Source
(AnnAGNPS)
Hydrological Simulation Program-FORTRAN
(HSPF)
Vegetative Filter Strip Model (VFSMOD)
Riparian Ecosystem Management Model (REMM)
Agricultural Policy/Environmental eXtender (APEX)
Groundwater Leaching Effects of Agricultural
Management Systems (GLEAMS)
Generalized Watershed Loading Functions (GWLF)
Erosion-Productivity Impact Calculator (EPIC)
Pollution Load (PLOAD)
Dynamic Watershed Simulation Model (DWSM)
Areal Nonpoint Source Watershed Environment
Response Simulation (ANSWERS)
Water Erosion Prediction Project (WEPP)
Universal Soil Loss Equation (USLE)
The European Hydrological System model (MIKE
SHE/MIKE 11 coupling model)
WETLAND

Binger and Theurer (2001)
Bicknell et al. (2001)
Munoz-Carpena et al. (1999)
Lowrance et al. (2000)
Williams and Izaurralde
(2006)
Knisel and Davis (2000)
Haith and Shoenaker (1987)
Williams (1989)
Edwards and Miller (2001)
Borah et al. (2002)
Beasley (1977)
Flanagan and Nearing (1995)
Renard et al. (1991)
DHI (1999)
Lee et al. (2002)
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Borah and Bera (2003)

Borah and Bera (2004)

AGNPS

SWAT

AnnAGNPS

HSPF

ANSWERS

DWSM

ANSWERS-Continuous
CASC2D (CASCade of planes in 2Dimensions)
DWSM
HSPF
KINEROS (KINematic runoff and
EROSion model)
MIKE SHE
PRMS (Precipitation-Runoff Modeling
System)
SWAT

Figure 1. Models selected in studies conducted by Borah and Bera (2003) and Borah and Bera
(2004)
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A brief introduction of seven NPS pollution models (SWAT, AGNPS, AnnAGNPS, HSPF,
MIKE-SHE, ANSWERS, and DWSM) that have been often used for assessing effectiveness of
CPs is presented below.
a) SWAT-Soil Water Assessment Tool (Arnold et al., 1998) is a continuous simulation model
which divides a watershed into sub-watersheds and further divides sub-watersheds into
hydrological response units (HRUs) based on unique combinations of land use, soil, and
slope. Runoff and pollutant losses are calculated for each HRU and then routed through a
sub-watershed. HRUs might represent field conditions, however the field and the HRUs do
not overlap most of the times. SWAT has been used extensively for simulating various CPs
such as:
•

tillage management, contour farming, grazing management, native grasses, residue
management, terraces (Woznicki and Pouyan Nejadhashemi, 2014)

•

contour farming, residue management, strip cropping, native grasses, terraces, recharge
structure (Giri et al., 2014)

•

cover crops, filter strips, residue management (Sommerlot et al., 2013)

b) AGNPS-AGricultural Non-Point Source Pollution (Young et al., 1989) is a storm event
model which spatially represents cells of equal size which are basic spatial units for
simulation of CPs. AGNPS has been used for simulating various CPs such as:
•

cropland conversion, contour farming, nutrient management, multi-pond system (Chen
et al., 2006)

•

terraces, grass waterways, filter strips (Kao and Chen, 2003)

•

tillage management, strip cropping, livestock stream access control, terraces, grass
waterways, filter strips (Mostaghimi et al., 1997)

Journal of Spatial Hydrology Vol.15, No.1 Spring 2019

c) AnnAGNPS- Annualized Agricultural Non-Point Source Pollution Model (Cronshey and
Theurer, 1998) is a continuous simulation model which spatially represents cells with
homogenous soil and land use similar to what SWAT model does. Cells might represent
sub-watersheds but do not get divided into HRUs like the SWAT model. AnnAGNPS has
been used for simulating various CPs such as:
•

cropland conversion, contour farming, nutrient management, filter strips (Li et al.,
2009)

•

nutrient management, tillage management, livestock stream access control (Parker et
al., 2007)

•

detention pond (Zhen et al., 2004)

d) HSPF-Hydrological Simulation Program Fortran (Donigan et al., 1984) is a continuous
simulation model where spatial representations are in form of pervious and impervious
land areas, stream, and HRUs. The model divides a watershed into sub-watersheds and
reaches. HSPF has been used for simulating various CPs such as:
•

detention pond (Ciou et al., 2012)

•

filter strips (Young, 2012)

•

constructed wetland, detention ponds (Jung et al., 2008)

None of the lowest simulation levels in the above models can accurately represent actual position
of CPs in a watershed. The HSPF model cannot represent extreme storm events correctly, and the
AGNPS model cannot predict long term impacts of CPs.
e) MIKE-SHE- Système Hydrologique Européen (DHI, 1999) is a physically distributed
model capable of simulating surface and subsurface water dynamics as well as transport
processes. This model uses finite difference equation of mass and energy balances and
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some widely used empirical relations for simulating different components of hydrological
cycles (Jaber and Shukla, 2012). The model runs at a continuous time scale and the main
processes simulated include evapotranspiration and interception, saturated and unsaturated
zone flow, overland flow, and water quality. Some major application of MIKE-SHE in
assessing influence of management practices include:
•

Integrated catchment hydrology

•

Wetland management and restoration

•

Impact of land use and climate change on surface and groundwater

•

Nutrient fate and management

•

Integrated mine water management

f) ANSWERS-Areal Nonpoint Source Watershed Environment Response Simulation
(Beasley, 1977) is a physically distributed parameter model developed for simulating the
influence of watershed management practices on hydrology and sediment transport. The
major model structure include hydrologic components, a sediment detachment and
transport component, and several routing components for describing water movement
dynamics in surface, subsurface, and channel flow phases (Beasley and Huggins, 1981).
The major application of this model in evaluating management practices include:
•

Runoff and soil loss estimation (Park et al., 1982)

•

Evaluation of CPs or BMPs (Storm et al., 1985)

g) DWSM-Dynamic Watershed Simulation Model (Borah et al., 2002) is a storm event,
physically distributed model developed for simulating surface and subsurface water flow
dynamics, flood waves propagation, soil erosion, sediment and agricultural chemical
transport in agricultural watersheds. This model divides a watershed into overland planes,

Journal of Spatial Hydrology Vol.15, No.1 Spring 2019

channel segments, and reservoir units to account non-uniformities presented in topography,
soils, and land use characteristics of the watershed (Borah et al., 2004). This model has
been widely used for assessing:
a. Soil erosion and sediment transport (Sahoo et al., 2011)
b. Agriculture chemical transport (Xia et al., 2001)
The models presented here have been widely used to estimate effectiveness of various management
practices to reduce NPS pollutions in the United States and other parts of the world. A
comprehensive review of commonly used models for evaluation of different CPs for NPS pollution
reduction in the United states is presented in Table 4. The review also includes major models
combined with other sub-models by researchers to better predict and analyze effectiveness of
management practices.
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Table 4. Review summary of evaluation of conservation practices using NPS models

Author

Chiang et
al. (2012)

Vaché et
al. (2002)

Locke et
al. (2008)

Model/Experiment
al Design

SWAT Model

SWAT Model

AnnGNPS and
REMM Model

Managemen
t Practices
171
management
practices
combination
s
incorporatin
g nutrient
management
, vegetated
filter strips,
and grazing
management
Three
agricultural
management
scenarios
were
evaluated to
reduce
nutrient and
sediment
loading
Fields with
no-tillage
Converting
croplands to

Study
Location

Study/Simulatio
n Period

Reduction in NPS Pollutant
Generation/Transport
Suspended
Nutrient
Pesticide
Solids/Sediment
s (N, P)
s
s

Lincoln
Lake
Watershed,
Arkansas

1992-2007 and
2010-2069

35% N
& 68%
P

24%

---

---

Buck and
Walnut
Creek
Watershed,
Iowa

1992-1998

54%75%

37%-67%

---

---

Beasley
Lake
Watershed,
Mississippi

---

15%-69%

---

---

1995-2005
---

77%

---

---

Other
s
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no-tillage
soybeans
Converting
all croplands
to no-tillage
cotton
Three
different
optimization
analyses for
Srivastava
determining
et al.
AnnAGNPS-GA
watershed
(2003)
pollutant
loads from
optimal
BMP
Seven
management
scenarios
were
evaluated to
Mostaghim
meet state
i et al.
AGNPS
goal of
(1997)
reducing
NPS
pollutant
loading by
40%
Quantify
changes in
Thomas et
GLEAMS-NAPRA nutrient
al. (2007)
loading due
to nutrient

---

64%

---

---

Mahantang
o Creek
Watershed,
PA

1991-1994

---

---

---

---

Owl Run
Watershed,
Virginia

1987-1988

53% N
& 60%
P

57%

---

---

Indiana

1990-1995

33%

---

---

---
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Ackerman
and Stein
(2008)

HSPF-LID BMP
Module

management
plan
implemente
d by NRCSEQIP
program
Performance
evaluation
of four
BMPs for
California
sediment
and Cu
reduction in
storm water

1990-1999

---

60%

---

90%
Cu
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224

7. Benefits of using NPS models for targeting conservation practices

225

There are numerous benefits of using NPS models for targeting CPs and depend on the focus of

226

the study. Below are some of the major benefits discussed:

227

1. Models can be used for water quality assessment at multiple spatial scales: regional scale

228

(Demissie et al., 2012), watershed (Sarkar et al., 2011), sub-watershed (Pai et al., 2011),

229

and even at a smallest simulation level or HRU level (Pai et al., 2012). Without modeling

230

studies, it is hard to understand impacts of CPs on water quality at a regional, watershed,

231

or even at a sub-watershed level.

232

2. Models are useful for choosing appropriate CPs for targeting areas. A targeting approach

233

aimed at implementing CPs is more effective in improving water quality compared to a

234

random approach where CPs are distributed randomly in a watershed (Diebel et al., 2008).

235

Identifying critical areas with a high pollution potential and targeting these areas is a more

236

efficient way for allocating resources and controlling NPS pollution. Targeting can be of

237

three types (Tuppad et al., 2010): (a) practices targeting areas where pollution reduction

238

target is met by prioritizing management measures based on relative effectiveness, (b)

239

spatial targeting where critical areas are identified within a watershed based on pollutant

240

generation potential, and (c) temporal targeting where practices are selected during a

241

critical time period based on precipitation, temperature etc. conditions. All the three

242

targeting strategies can be addressed with the help of NPS models, which otherwise would

243

take decades to assess the impacts of these targeting scenarios if actually implemented in

244

the physical world.

245

3. Agencies and organizations before proposing actual conservation practice to be

246

implemented in the field seek help from modeling studies to assess the worth of that

247
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practice in the area of interest. The USDA Farm Service Agency under the biomass crop

248

assistance

249

https://www.fsa.usda.gov/Internet/FSA_File/finaleagiantmcanthus.pdf) referred to some

250

modeling studies (Love and Nejadhashemi, 2011; Ng et al., 2010) for understanding

251

environmental impacts of Miscanthus while proposing production of giant Miscanthus in

252

the project area of interest.

program

(BCAP)

(available

at

253

4. Models are useful in assisting water resources and watershed managers with a variety of

254

applications such as evaluating and developing total maximum daily loads (TMDL). The

255

sediment and nutrient loads can be kept below the recommended TMDLs with the help of

256

models reporting relative effectiveness of different CPs.

257

5. Models when combined with other decision support tools can help decision makers to make

258

judicious decisions for CPs implementations without getting into the complexity of the

259

models. For example, pasture phosphorus management tool can be easily handled by the

260

user without fully comprehending the modeling components.

261

6. Models may help watershed managers save money that could have been potentially used

262

to implement BMPs before knowing it’s capabilities. Every year, billions of dollars are

263

spent to alleviate water quality related concerns in the United States. An appropriation of

264

approximately $2.6 billion was made for implementation of various CPs to reduce

265

agricultural pollutants under 2002 Farm Security and Investment Act (O'Donnell, 2010).

266

Appropriate CPs, targeted at a right location using a NPS model, can make it possible to

267

reduce the costs and budget before deciding to implement CPs in a watershed.

268
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7. Modeling studies require less time in comparison to actually monitoring impacts of CPs in

269

the field. We can imagine the amount of time it would take to monitor individual

270

effectiveness of three CPs at five different locations.

271
272

8. Modeling studies require fewer financial resources to assess effectiveness of CPs compared
to the field and watershed scale studies.

273

9. Models are useful in simulating same conservation practice at different study area locations

274

to assess location specific effectiveness of a conservation practice. Moreover, these models

275

are also useful in simulating different CPs at the same location one at a time to assess their

276

individual effectiveness.

277
278
279

10. Models have also proved to be useful in developing scenarios for assessing combined
effectiveness of CPs (Arabi et al., 2006b).
8. Challenges with NPS models for targeting conservation practices

280

No models are built to be perfect and can simulate CPs with the best possible efficiency. There

281

could be numerous trade-offs with using NPS models. Some of the major challenges that a modeler

282

could face are listed in this section.

283

8.1 Data

284

The input data used for model setup is very crucial in determining the effectiveness of any

285

conservation practice. There is an expression called GIGO (garbage in, garbage out) which means

286

that quality of output is determined by quality of input. Figure (2) shows that if input data in a

287

model is incorrect, the output is unlikely to be informative irrespective of how perfect the model

288

is. Similarly, if the input data is perfect but the model is garbage or the mathematical equations are

289

improperly stated, the results would not be useful.
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Data
(Garbage)

Model
(Perfect)

Results
(Garbage)

Data
(Perfect)

Model
(Garbage)

Results
(Garbage)

290

291
292

Figure 2. Garbage in, Garbage out concept in computer models.

293

Lack of detailed data to describe spatial and temporal variability of an environmental system or a

294

watershed is another challenge posed in using models to assess impacts of CPs (Daniel et al.,

295

2011). Incorporating correct crop management practice data into a model is a challenge and should

296

be handled with caution after consultation with local farmers or county extension agents.

297

Lack of monitoring stations in a study area for calibration and validation of a model poses another

298

challenge. How can a model be useful for hydrology or water quality assessment if it has not been

299

calibrated for the desired variables? This motivates federal and state agencies to install more

300

monitoring stations in ungauged watersheds so that informed decisions can be made by modelers

301

for assessing water quality impacts when implementing CPs.

302

8.2 Model Structure and BMP representation

303

Models such as SWAT are often used with little or no post-conservation practice data to evaluate

304

simulation results (Gitau et al., 2008, Singh, 2015). To evaluate accuracy of simulation results,

305

simulated water quality results should be compared with edge-of-the-field water quality data. This

306

concern is prompting researchers to collect more edge-of-the-field data for developing informative

307

robust models.
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308

More CPs such as cover crops, residue management, fertilizer rate and timing management, land

309

leveling, mixed cropping systems, crop and vegetative assimilation, etc. should be included in the

310

NPS pollution models.

311

Past studies have represented CPs in NPS models using different methodologies. For example,

312

Karlen et al. (1998) reported 26% of total N reduction from a watershed in Treynor, IA with

313

varying rate and application method of N fertilizers. Likewise, Mailapalli et al. (2013) research on

314

effect of crop residues on infiltration, runoff, and export of total suspended solids, dissolved

315

organic carbon, and other nutrients from irrigated field found that increase in surface residues and

316

field length decreases runoff and transport of nutrients from the fields. Similarly, Grande et al.

317

(2005), Al-Kaisi et al. (2009), Blanco-Canqui et al. (2009) also reported residue management

318

significantly reduces sediment and nutrient transport from agricultural fields. HSPF cannot

319

simulate residue management, AGNPS cannot simulate grazing management, and AnnAGNPS

320

cannot simulate grassed waterway.

321

Representation and functionality of CPs or best management practices (BMPs) should be improved

322

in any NPS model. Currently, BMP effectiveness is assessed by changing model input parameter

323

and comparing results with and without the presence of BMPs in the model. The lowest spatial

324

resolution levels in model does not exactly represent the actual position of CPs. For example, the

325

non-spatial nature issue with HRUs in SWAT might prevent users to simulate CPs at a desired

326

location specific HRU. Also, absence of routing of flow and pollutants at the HRU scale poses

327

another challenge. Non-ability to

328

bioreactor, and concentrated animal feeding operations (Folle et al., 2007) is another challenge

329

with the SWAT model

simulate streambanks, edge-of-the-field practices like
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330

In a modeling study, the experience of the modeler is also an important aspect. If the complexity

331

and routine built in a model is not well understood then there is a possibility of misinterpretation

332

of information delivered by the model leading to inaccurate results. Usage of detailed available

333

information should be encouraged wherever applicable to preserve the spatial variability and

334

complexity of the area of interest. Using high quality input data can increase the overall confidence

335

in the results of a model. For example, superior results for streamflow simulation can be obtained

336

by combining rain gauge and NEXRAD data (Beeson et al., 2011). However, not everyone makes

337

maximum use of available information as processing demands of input data (such as NEXRAD

338

processing) could be a potential bottleneck in setting up a model.

339

Sufficient information about model calibration, validation and its intended use is an important

340

building block of a good hydrologic and water quality modeling to reproduce findings in future

341

(Saraswat et al., 2015). The current scientific literature lacks proper documentation of modeling

342

procedures used in NPS modeling studies. In future, there could be a potential to share watershed

343

models or modeling codes among peers to reproduce published research. Inability to properly

344

evaluate, interpret, and communicate performance of models considering their intended use is

345

another challenge in modeling (Harmel et al., 2014).

346

8.3 Model Uncertainty

347

Every model has some degree of uncertainty associated with it which poses a challenge to be

348

addressed carefully. Uncertainty in any model can be classified into three general categories: input

349

data uncertainty, structural uncertainty, and parameter uncertainty (Lindenschmidt et al., 2007).

350

The first type of uncertainty, input data uncertainty, as the name suggests is associated with the

351

uncertainty in the data used for model setup for example poor resolution of DEM (digital elevation

352

model) or land use land cover layers, spatial variation in input data, uncorrected data, etc. The
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353

second type of uncertainty, structural uncertainty, is inherent in the structure of models. For

354

example, uncertainty in equations and algorithms of modeling processes (Lindenschmidt et al.,

355

2007). The third type of uncertainty, parameter uncertainty, is the uncertainty in parameters of a

356

model and has been reported by various studies in past (Gong et al., 2011; Sexton et al., 2011;

357

Shen et al., 2010; Shen et al., 2012).There might be different parameter sets resulting in similar

358

prediction which is known as the phenomenon of equifinality (Beven and Binley, 1992). This

359

might result in inaccurate predictions. Therefore, parameter values used in a model should be

360

within recommended ranges and represent the study area characteristics to assess impacts of CPs

361

accurately.

362

9. Future research needs and directions

363

NPS pollution models are beneficial for assessing effectiveness of CPs based their selection and

364

location within a watershed. However, modeling can be sometimes difficult for users who have

365

little knowledge about model complexities. Therefore, simplified tools can be developed for

366

models for example pasture phosphorus management (PPM), Texas BMP Evaluation Tool

367

(TBET), etc. These tools can help watershed managers to assess effectiveness of these practices

368

who may have little to no knowledge about NPS modeling. In addition, the tools should facilitate

369

incorporation of already developed models so that the usage of models for assessing water quality

370

impacts of CPs can increase among the modeling community. Not only tools, but CPs should also

371

be selected based on their nutrient reduction potential and costs involved by implementing them

372

through an optimization selection approach.

373

The current scientific literature lacks proper documentation and other information needed to

374

evaluate the accuracy of a model or reproduce a model. Therefore, we call for more critical

375

evaluation of models developed that have a potential to be used for policy frameworks and robust
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376

watershed management decisions. When publishing findings of a study, a detailed account of

377

input data used, modeling procedure and the actual model could be submitted to an online

378

repository as supplementary material which can lead to more transparency in modeling.

379

NPS models should target conservation practice at the desired location in any watershed. However,

380

the lowest simulation level in models do not exactly represent the actual position of CPs.

381

Therefore, there is a need to improve model algorithms or develop new techniques to accurately

382

simulate conservation practice on a desired target area to make informed and confident decisions.

383

CPs should be accurately represented in models and the related uncertainties should be properly

384

handled. New data resources in data scarce areas should be developed and maintained to increase

385

confidence in model predictions. With these improvements, there is a potential in optimizing the

386

placement of several CPs along the hot spots in the watershed to achieve the target water quality

387

goals in coming days.

388
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